Photocatalytic reduction of nitrate in water in the co-presence of Pt/SrTiO 3 :Rh and SnPd/Al 2 O 3 under visible light irradiation (λ > 420 nm) was investigated. This reaction system efficiently and selectively promoted the photocatalytic reduction of nitrate to nitrogen, whereas Pt/SrTiO 3 :Rh or SnPd/Al 2 O 3 alone showed little activity under the reaction conditions. The selectivity to N 2 was 94% under the optimum reaction conditions, where the amounts of Pt/SrTiO 3 :Rh and SnPd/Al 2 O 3 loaded in the reaction system were 500 mg and 150 mg, respectively. This reaction system showed a superior nitrate decomposition rate and superior selectivity to nitrogen compared with Moreover, the products, including formaldehyde and formic acid, formed by photo-oxidation of methanol over Pt/SrTiO 3 :Rh acted as reductants for nitrate over SnPd/Al 2 O 3 .
Introduction
Pollution of groundwater with nitrate (NO 3 -) as a result of agricultural activity, human sewage, and industrial effluents is a serious global problem. Since groundwater is an important fresh water resource that is indispensable to human society, NO 3 -needs to be removed from polluted groundwater.
Since the discovery by Vorlop and co-workers in 1989 that Cu-Pd/Al 2 O 3 promoted the reduction of NO 3 -with H 2 to N 2 (Eq. (1)) in water [1] , the reaction over supported bimetallic catalysts has been the subject of intense investigation as a method of removing NO 3 -from groundwater. However, in the catalytic reduction, the formation of ammonia (NH 3 ) and ammonium ion (NH 4 + ) (Eq. (2)) is a critical problem, because the allowable level of NH 4 + in drinking water is 0.5 mg dm -3 , which is recommended by the WHO. 
Thus far, high selectivity to N 2 and high catalytic activity have been achieved with supported bimetallic catalysts composed of Pd and a base metal, such as Cu, Sn, or In [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, using gaseous H 2 as a reductant is a serious issue because handling this flammable gas at high pressure is difficult. Therefore, for practical use, there is great demand for an alternative technology that does not use gaseous H 2 .
As a potential method to overcome this issue, photocatalytic reduction of NO 3 - has attracted much attention. Kudo and co-workers first reported the photocatalytic reduction of NO 3 -in 1987 [18] . They employed Pt-modified TiO 2 for the reaction under UV light irradiation. However, their target was evolution of NH 3 and O 2 by photocatalytic reaction of NO 3 -with H 2 O, rather than purification of NO 3 --polluted groundwater, and thus NH 3 was selectively formed. Research aiming at the purification of NO 3 --polluted groundwater by a photocatalytic reaction was first reported by Schlögl et al. in 1999 [19] . They focused on TiO 2 as a photocatalyst and humic acid as a hole scavenger. Although NO 3 -was decomposed under UV irradiation, a large amount of nitrite (NO 2 -), which is more toxic than NO 3 -, was formed.
In 2005, Guan's group [20] and Kominami's group [21] reported photocatalysts showing high selectivity to N 2 for the photocatalytic reduction of NO 3 -in water under UV light irradiation in the presence of sacrificial compounds. Guan and co-workers developed Ag/TiO 2 prepared by a pH-controlled photocatalytic process and found that this showed extremely high selectively to N 2 (> 99%) in the presence of formic acid as a hole scavenger under UV irradiation [20] . Kominami et al. have reported that NO 3 -is reduced to N 2 with high selectivity over TiO 2 modified with Pd-Cu in the presence of oxalic acid as a hole scavenger under basic conditions and UV irradiation [21] .
In contrast to the reaction using UV light as a light source, there are only a few reports on the photocatalytic reduction of NO 3 -under visible light irradiation [22, 23] . [22] . While the photocatalytic reduction of nm) [23] , however, the selectively to N 2 was not so high. To the best of our knowledge, a photocatalyst or photocalytic reaction system showing high selectively to N 2 under visible light irradiation has not been reported so far.
Generally, modification of semiconductor photocatalysts with precious metals is indispensable for enhancing the photocatalytic performance [24] . The photocatalytic performance of precious-metal-modified semiconductor photocatalysts is 6 determined by the kind, crystalline structure, location on the semiconductor photocatalyst, and particle size of the modifying metals. Since bare semiconductor photocatalysts like TiO 2 , ZnS, and CdS are basically inactive for the photocatalytic reduction of NO 3 -, to make them show photocatalytic activity, these photocatalysts should be modified with one or more metals, including Ru, [25] Ag [20, 26] , Ni [27, 28] , Ni-Cu [29] , Pt-Cu [30] , Pd-Cu [21, 31] , and Sn-Pd [32] , which are active for thermochemical, that is, non-photocatalytic, reduction of NO 3 -.
For a precious-metal-modified semiconductor photocatalyst, photogenerated electrons in the semiconductor photocatalyst should be transferred to the metal particles on the semiconductor photocatalyst, where they then reduce NO 3 -with H + , which are adsorbed on the surface of the metal particles. According to this mechanism, the metal particles should have the ability to show high photocatalytic performance, that is to say, (i) to smoothly transfer the photogenerated electrons from the semiconductor photocatalyst to the metal particles, (ii) to stably reserve the electrons on them, and (iii) to selectively activate NO 3 -and H + . However, it is hard for the metal particles to satisfy these three abilities simultaneously. Therefore, in practice, to develop a photocatalyst that is active and selective for the photocatalytic reduction of NO 3 -in water, the properties relevant to the modifying metal particles (kind, crystalline structure, location, and particle size) should be optimized to balance these abilities.
To overcome this issue, we have previously developed a photocatalytic reaction system in which a separately prepared photocatalyst (Pt/TiO 2 ) and non-photocatalyst (SnPd/Al 2 O 3 ) are dispersed in water containing NO 3 -. This photocatalytic system effectively and selectively promoted the photocatalytic reduction of NO 3 -to N 2 under UV irradiation [32] . In this photocatalytic system, H 2 was formed by a photocatalytic reaction over Pt/TiO 2 (Eq. (3)), and the formed H 2 , which was dissolved in water, was used as a reductant for non-photocatalytic, namely thermocatalytic, reduction of NO 3 -over SnPd/Al 2 O 3 (Eq. (1)). In the photocatalytic system, two reactions, shown in Eqs.
1 and 3, continuously take place under UV irradiation over SnPd/Al 2 O 3 and Pt/TiO 2 , respectively.
We found that the photocatalytic performance of this system was much better than that of TiO 2 directly modified with Sn-Pd bimetal (SnPd/TiO 2 ). In the system, the photocatalyst (Pt/TiO 2 ) and non-photocatalyst (SnPd/Al 2 O 3 ) can be designed separately to show the optimal performance for the photocatalytic and non-photocatalytic reactions 8 individually.
In the present study we expanded the photocatalytic system to NO 3 -reduction driven by visible light. We report the photocatalytic reduction of NO 3 - (molar ratio of NaBH 4 /(Sn+Pd)=10) was added to the aqueous suspension (30 cm 3 ) in which the catalyst powder was dispersed, and the mixture was stirred at room temperature for 30 min. The catalyst powder was filtered and washed with distilled water (ca. 200 cm 3 ) before it was used for the photocatalytic and non-photocatalytic reactions.
Photocatalytic reduction of NO 3 -in water
Photocatalytic reduction of NO 3 -in water was carried out in a Pyrex reaction vessel connected to a closed gas circulation system ( (Fig. 3(b) ). for the photocatalytic reduction of NO 3 -under the optimal reaction conditions. For the first run, the conversion of NO 3 -increased linearly with the reaction time up to 6 h.
However, the reaction rate decreased after 12 h, even though the conversion was not so high and a large amount of CH 3 OH remained. There are two possibilities for the decrease of the reaction rate. One is that Pt/SrTiO 3 :Rh or SnPd/Al 2 O 3 , or both, was deactivated due to changes in their structures, or due to possible poisoning by the products formed during the reaction. To clarify which was plausible, the catalyst powder (Pt/SrTiO 3 :Rh-SnPd/Al 2 O 3 mixture) was separated from the reaction suspension at 24 h and washed with distilled water (ca. 300 cm 3 ), and then the catalyst was used for the reaction again with fresh reaction solution to avoid possible poisoning by the products. As Fig. 4 demonstrates, the initial rate of the NO 3 -conversion reaction was completely recovered by such treatment. After 48 h, the catalyst was separated again, washed, and was used for a third run, and the catalytic activity was recovered. Thus, possible poisoning of the catalysts by the products is a more plausible explanation for the decrease of the reaction rate.
On the other hand, the selectivity for N 2 was gradually decreased with repeated use. For the first run, the N 2 selectivity was about 90% but decreased to about 75% in the third run. The decrease of the N 2 selectivity suggested that the alloy structure of SnPd bimetal changed during the reaction. To examine the change of the SnPd alloy structure, powder XRD patterns of the catalysts were taken before and after the reaction.
Diffraction patterns due to Pd, Sn, and SnPd particles were not observed before or after the reaction. Since the amount of SnPd bimetal was small because of the amounts of Pt/SrTiO 3 :Rh (500 mg) and SnPd/Al 2 O 3 (150 mg) used, XRD patterns due to the metal particles were not observed. At the present stage, though it is hard to discuss the difference of the SnPd alloy structure before and after the reaction, it is plausible that the structure of SnPd alloy particles on Al 2 O 3 changed to preferentially form NH 4 + during the photocatalytic reduction of NO 3 -under visible light irradiation.
Relationship between amount of H 2 evolved and amount of NO 3 -converted by photocatalytic reaction
As we previously reported [32] , in the photocatalytic reduction of NO 3 - Fig. 5 (a) ). In fact, In Fig. 6, N which corresponded to those present in the reaction solution for the photocatalytic reduction of NO 3 -by the Pt/SrTiO 3 :Rh-SnPd/Al 2 O 3 system at 6 h. In the reaction where CH 3 OH, H 2 CO, and HCO 2 H were added together (Entry 1), the conversion was 17%, which was almost the same as the conversion for the photocatalytic reduction of NO 3 -in the Pt/SrTiO 3 :Rh-SnPd/Al 2 O 3 system (Entry 3 in Table 1 ). After 6 h, the amounts of H 2 CO and HCO 2 H in the reactor were changed to 518 and 17 µmol, respectively. The amount of H 2 CO at 6 h increased compared with the initial amount (440 µmol), whereas that of HCO 2 H decreased from 60 µmol (initial) to 17 µmol at 6 h.
H 2 CO was oxidized with NO 3 -to HCO 2 H, and HCO 2 H was oxidized to CO 2 . Since the amount of HCO 2 H decreased by the reaction for 6 h, it is reasonable that the reaction rate of HCO 2 H oxidation to CO 2 was faster than that of H 2 CO oxidation to HCO 2 H. In fact, as shown in Fig. 8(a) , which shows the time course changes in the amounts of H 2 CO and HCO 2 H in the reaction solution for the reaction of Entry 1 in Table 2 , the amount of HCO 2 H considerably decreased within 1 h. To demonstrate more clearly the contribution of each substrate as a reductant, the catalytic reductions of Whereas the initial amount of CH 3 OH was extremely large compared with the amounts of H 2 CO and HCO 2 H, the reduction rate of NO 3 -was very low (Entry 2). In contrast, high conversions comparable to that in Entry 1 were obtained when H 2 CO (Entry 3) and HCO 2 H (Entry 4) were used as reductants, namely, 16% and 13%, respectively. The conversion in Entry 4 was lower than that in Entry 3, but this was because all HCO 2 H was consumed within 1 h (Fig. A3 in Supplementary data) . Thus, we compared the initial rates of NO 3 -reduction, which were estimated from the conversion at 1 h, and found that the initial rate of NO 4) , suggesting that the ability of one of them to act as a reductant was lowered by the other. Fig. 8(b) shows the time course changes in the amounts of H 2 CO and HCO 2 H in the reaction solution for the reaction of Entry 7. As demonstrated in Fig. 8(b Further investigation of kinetics analysis will be needed, and this will be the topic of future work.
Conclusions
The photocatalytic reaction system comprising Pt/ was not loaded in the reactor, and NO 3 -was absent. and visible light irradiation (λ > 420 nm). Reaction time / h
